Research focused on the LTR-retrotransposons in Saccharomyces cerevisiae has been fundamental to 8 1 our understanding of the mechanism by which LTR-retrotransposons replicate, and how they interact 8 2 with the host genome [3, 6, 18] . Ty1 is the most abundant and active of these LTR-retrotransposons, with 8 3 31 copies in the haploid genome and a mobility rate of approximately 1x10 -7 to 1x10 -5 per Ty1 element 8 4
in each cell generation [19] . Retrotransposition initiates with transcription of the element (Fig 1A & B) .
5
The U3 region of the 5′ LTR contains promoter sequences recognized by DNA binding transcriptional 8 6
activators, as well as two TATA box sequences ( Fig 1C) . The 5.7kb Ty1 transcript extends from the R 8 7
region of the 5′ LTR and terminates in the R region of the 3′ LTR (Fig 1B & C) . This transcript contains 8 8
two partially overlapping open reading frames, GAG and POL, the latter of which is translated only 8 9
when a specific +1 frameshift event occurs in the overlapping region ( Fig 1B) . This frameshifting event transcript, Ty1i, which begins 1 kb from the beginning of the Ty1 element within the GAG ORF (Fig   1  0  5 1B) [25, 29] . Binding sites for several DNA binding activator proteins are located within the GAG ORF 1 0 6
upstream of the Ty1i start site (Fig 1C) . Translation of Ty1i RNA produces a 22 kDa protein that lacks 2 8 6
class is enriched in highly regulated genes such as stress-response genes, and is characterized by a 2 8 7
promoter structure that is distinct from that of the largely constitutively-active, TATA-less, TFIID-2 8 8
dependent genes [57, 58] . In contrast to the Ty1 promoter, the region upstream of the Ty1i TSS lacks any 2 8 9
consensus TATA element, indicating that Ty1i belongs to the class of TFIID-dependent genes ( Fig 4A) .
9 0
As SAGA-dependent genes show a preferential dependence on the tail module triad relative to TFIID-2 9 1 dependent genes [55], we theorized that the tail module triad might operate by favoring the association 2 9 2
of Mediator with the SAGA-dependent U3 promoter that is upstream of Ty1 (Fig 1) . As a result of this 2 9 3 association, the Mediator head and middle modules would be tethered to the Ty1 promoter, and would in 2 9 4
turn preferentially recruit Pol II to the Ty1 TSS rather than the internal Ty1i TSS. Disruption of this 2 9 5
Mediator-U3 interaction via deletion of a tail module gene could allow for Mediator and the PIC to 2 9 6 1 3 instead associate with the less robust TFIID-dependent Ty1i promoter. To test the role of the U3 2 9 7
promoter in governing the effect of Mediator mutations on Ty1 mobility, the U3 region of the Ty1 LTR 2 9 8
was swapped for the transcriptionally robust, TFIID-dependent TEF1 promoter sequence on a CEN-2 9 9
plasmid-based Ty1his3AI element (Fig 5A) . The TEF1 promoter was chosen based on findings that 3 0 0 deletions of non-essential Mediator subunits do not alter TEF1 expression substantially [55, 59] . The 3 0 1 effects of Mediator subunit deletions on retromobility of the TEF1 promoter-driven Ty1his3AI element 3 0 2
versus the LTR promoter-driven Ty1his3AI element expressed from the same vector were then 3 0 3 compared ( Fig 5B) .
0 4
To our surprise, the retromobility frequency of the Ty1his3AI element on a single-copy CEN-3 0 5
plasmid (referred to as LTR-Ty1his3AI) was nearly identical to that of P TEF1 -Ty1his3AI on the same 3 0 6
vector in a wild-type background (1.13 x 10 -5 versus 1.64 x10 -5 His + prototrophs per cell; Fig. 5B ). The 3 0 7
only difference between these elements is the promoter, and unlike the TEF1 promoter, the Ty1 3 0 8
promoter has been reported to be weak [60] . To determine whether similar levels of Ty1his3AI RNA are 3 0 9
expressed from the plasmid-borne LTR-Ty1his3AI and P TEF1 -Ty1his3AI elements, we performed 3 1 0 northern blotting of polyA + RNA using a HIS3 probe to detect Ty1his3AI and Ty1ihis3AI RNA. The to Fig 2B) , the findings suggest that overall Ty1 RNA levels, including Ty1his3AI RNA, are markedly 3 1 5
increased by LTR-Ty1his3AI or P TEF1 -Ty1his3AI expression. Moreover, the internal Ty1ihis3AI
transcript was not detected in the wild-type strain expressing LTR-Ty1his3AI or P TEF1 -Ty1his3AI, 3 1 7
suggesting that the total Ty1i/Ty1 RNA ratio in the presence of these plasmids is substantially lower 3 1 8 than in their absence. Therefore, we propose that retromobility in the strain expressing LTR-Ty1his3AI 3 1 9
is unexpectedly high because of derepression of the CEN-based LTR promoter by an unknown 3 2 0 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/176248 doi: bioRxiv preprint first posted online Aug. 14, 2017;  mechanism, high levels of Ty1 RNA bearing the his3AI reporter and a very low total Ty1i /Ty1 RNA 3 2 1 ratio.
2 2
In the wild-type, LTR-Ty1his3AI plasmid-bearing strain with low Ty1i /Ty1 RNA ratios, 3 2 3 deletion of MED3 diminished retromobility more than 1000-fold (Fig. 5B) . In contrast, deleting either 3 2 4 tail module triad gene, MED3 or MED15, had little effect on retromobility of the P TEF1 -Ty1his3AI 3 2 5 element (Fig 5B) . These findings provide strong evidence that the LTR promoter is required for 3 2 6 diminished retromobility in tail triad module mutants. This lends further support to the idea that the tail 3 2 7 module triad promotes the association of Mediator with the SAGA-dependent U3 promoter in the LTR, 3 2 8
and that disruption of the tail module allows increased Mediator recruitment to the Ty1i promoter.
2 9
In contrast to the above results, deletion of genes encoding head (MED20) or middle module 3 3 0 (MED31 or MED1) subunits had modest and equivalent effects on retromobility of P TEF1 -Ty1his3AI and 3 3 1 LTR-Ty1his3AI. These results suggest that head and middle modules do not depend on the SAGA-3 3 2 dependent U3 promoter for their repression of retromobility. We hypothesize that deletion of head and 3 3 3 middle module subunits increases retromobility by favoring Mediator association with the Ty1 promoter 3 3 4 and therefore decreasing the Ty1i/Ty1 RNA ratio. Deleting head and middle module genes may have 3 3 5 only a modest effect on retromobility in a wild-type strain expressing LTR-Ty1his3AI or P TEF1 -
6
Ty1his3AI because the Ty1i /Ty1 RNA ratios are very low to begin with.
7
Levels of Ty1his3AI RNA driven from the LTR or P TEF1 promoter were only modestly altered 3 3 8 (≤4-fold up or down) by deletion of Mediator head and middle subunits, and not in a manner consistent 3 3 9 with the observed retrotransposition frequencies. P TEF1 -driven Ty1his3AI RNA levels in the med15∆ 3 4 0 mutant were about 4-fold higher than in the wild-type strain. It is possible that this elevated level of 3 4 1 Ty1his3AI RNA contributes to overcoming the inhibitory effect of a high Ty1i/Ty1 RNA ratio in tail 3 4 2 module triad mutants (Fig. 4A) , thereby allowing Ty1his3AI to transpose at similar frequencies in wild-3 4 3 type, med3∆ and med15∆ strains with P TEF1 -Ty1his3AI (Fig. 5B) . However, our data taken together 3 4 4 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/176248 doi: bioRxiv preprint first posted online Aug. 14, 2017;  support the idea that a failure to induce Ty1ihis3AI RNA expression when the LTR promoter is replaced 3 4 5 by P TEF1 is the major reason why retromobility is not repressed in tail module triad gene deletion strains 3 4 6 expressing P TEF1 -Ty1his3AI.
4 7
Because the internal Ty1ihis3AI transcript was not detected, even in the med3∆ mutant harboring 3 4 8 the LTR-Ty1his3AI plasmid (Fig 5C) , we could not determine whether Ty1ihis3AI RNA levels were 3 4 9 higher when expressed from LTR-Ty1his3AI versus P TEF1 -Ty1his3AI. Nonetheless, derepression of Our results indicate that the Mediator tail module triad acts at the Ty1 promoter to repress 3 5 8 expression of Ty1i RNA. We considered two mechanisms by which this might occur. First, recruitment 3 5 9 of Mediator to the Ty1 promoter could lead to enhanced Ty1 transcription, and this could repress the 3 6 0 downstream Ty1i promoter by readthrough effects. In this mechanism, the polymerase moving from the 3 6 1 Ty1 TSS could disrupt transcription factor or PIC binding to the Ty1i promoter [61] [62] [63] . In the second 3 6 2 mechanism, the Mediator tail could act as a direct repressor of the Ty1i promoter.
6 3
To distinguish between these two mechanistic possibilities, we wished to determine whether 3 6 4 increased Ty1i expression would still be observed in tail module triad deletion mutants under conditions 3 6 5 where transcription from full length Ty1 was strongly repressed. To this end, we employed a plasmid-3 6 6 based Ty1 element under control of the GAL1 promoter (Fig 6) [64] . When grown in glucose-containing 3 6 7 media that represses the GAL1 promoter, expression of Ty1 RNA is assumed to be repressed, but Ty1i 3 6 8 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/176248 doi: bioRxiv preprint first posted online Aug. 14, 2017;  RNA is expressed [25] . The 2µM-plasmid-borne GAL1-Ty1 element (pGTy1) that we used also has an 3 6 9 internal deletion within the POL ORF, which facilitates resolution of Ty1∆POL RNA from full-length 3 7 0 Ty1 mRNA, thus permitting a direct comparison between endogenous Ty1 RNA and plasmid-derived 3 7 1 Ty1∆POL RNA by northern blot or single strand cDNA synthesis followed by PCR analysis.
7 2
We first sought to verify that Ty1∆POL RNA expression was repressed and Ty1i∆POL RNA 3 7 3 was preferentially expressed in glucose. To distinguish Ty1∆POL from Ty1i∆POL transcripts, the same 3 7 4 reverse primer was used with one of two forward primers located 250bp upstream or 250bp downstream 3 7 5 of the Ty1i TSS (Fig 6, top) . Use of these primers precluded use of real time PCR; instead, aliquots from 3 7 6 the reactions were removed at two cycle intervals for analysis by gel electrophoresis. Using this strategy, 3 7 7
we found that Ty1i∆POL cDNA amplified four to five cycles before Ty1∆POL cDNA in strains grown 3 7 8
in glucose (Fig 6) . This verifies preferential expression of Ty1i RNA from this element by about 16-to 3 7 9 32-fold in cells grown in glucose, even in the hypermobile med20∆ genetic background.
8 0
To examine the effect of Mediator subunit deletions on Ty1i RNA expression from 3 8 1 pGTy1∆POL, levels of Ty1 and Ty1i RNA from endogenous Ty1 elements and Ty1∆POL and 3 8 2 Ty1i∆POL RNA from pGTy1∆POL were measured by northern blotting (Fig 7A & B) . Levels of 3 8 3 endogenous Ty1 RNA were not significantly affected by deletion of different Mediator subunits. Ty1i 3 8 4 and Ty1i∆POL RNA levels also remained nearly equivalent in the wild-type strain and head and middle 3 8 5 subunit deletion strains; however, Ty1i and Ty1i∆POL RNAs were markedly increased in strains 3 8 6 lacking the tail module subunit, MED2 or MED3 (Fig 7A & B) . Therefore, disruption of the Mediator Mediator head module (med18∆ and med20∆) and tail module triad (med2Δ, med3Δ, and med15Δ) on 4 0 5
Ty1 mobility occur via mechanisms that operate at a similar stage in the Ty1 life cycle (Fig 3) .
0 6
Decreased mobility in mutants lacking subunits from the tail module triad is accompanied by increased 4 0 7 expression of Ty1i, and similarly decreased occupancy of Pol II in the first 1kb of Ty1, suggesting a 4 0 8 causal mechanism (Fig 4) . However, Ty1i RNA and p22-Gag levels are very low in wild type yeast, and 4 0 9
we have not been able to detect any decrease of this already low level in med18∆ or med20∆ mutants.
1 0
To gain additional insight into how these mutants give rise to the observed hypermobility 4 1 1 phenotype, and into the mechanism by which both kinds of deletions affect Ty1 mobility, we used ChIP-1 8 from the nucleus to the cytoplasm by addition of rapamycin [65, 66] . Eviction of Kin28 prevents ChIP signals to be observed at gene promoters [66, 67] .
1 9
ChIP-seq against myc-tagged Med17 from the head module or Med15 from the tail module 4 2 0 reveals peaks of Mediator association at both Ty1 and Ty1i TSS's in wild type yeast (Fig 8 and S1 Fig) .
2 1
In a med2∆ med3∆ med15∆ mutant, Med17 association with Ty1 is decreased relative to its association 4 2 2 with Ty1i, consistent with increased Ty1i mRNA levels in tail module triad deletion mutants. In . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/176248 doi: bioRxiv preprint first posted online Aug. 14, 2017;  Mediator is subject to stress-dependent phosphorylation that affects gene expression [69] , suggesting a by at least 100-fold, and deletion of subunits from the head and middle modules increased retromobility 4 5 0 about 100-fold (Fig 2B) . Changes in unintegrated Ty1 cDNA levels were strongly correlated with the 4 5 1 changes in retromobility, while levels of Ty1 RNA and of Gag protein showed little alteration in any of 4 5 2 the Mediator deletion mutants (Fig 3) . These results suggest that increased retromobility in head or 4 5 3 middle module mutants and decreased retromobility in tail module triad mutants, are opposing effects 4 5 4 that transpire through the same pathway.
5 5
Our finding that deletion of kinase module genes has a modest effect on Ty1 mobility relative to 4 5 6 changes seen in the head or tail subunit deletion strains (Fig 2B) is not entirely unexpected, as the kinase 4 5 7 module has been shown to be involved in the regulation of a smaller subset of genes than the Mediator 4 5 8 core and is not necessary for the function of the core Mediator complex [43, 71] . The finding that 4 5 9 deletion of MED12 increases Ty1 retromobility modestly and deletion of MED13 has a minimal effect is 4 6 0 inconsistent with previous work that implicated SRB8/MED12 and SSN2/MED13 in activation of Ty1 4 6 1 retromobility [32, 35] . However, this disparity could be the result of differences in the retrotransposition 4 6 2 assays and other experimental conditions. 4 6 3 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/176248 doi: bioRxiv preprint first posted online Aug. 14, 2017; 2 0 A key insight into the mechanism by which tail module triad gene deletions cause decreased Ty1 4 6 4 mobility was obtained by northern analysis of Ty1 polyA + transcripts, which revealed increased levels 4 6 5 of the internally generated, inhibitory Ty1i transcript in these deletion mutants (Fig 4) . Increased Ty1i 4 6 6
RNA was accompanied by elevated levels of p22-Gag, which interferes with VLP formation and 4 6 7 production of Ty1 cDNA [25, 30] . The increased expression of Ty1i is caused by a direct effect on 4 6 8 transcription, as opposed to Ty1i RNA processing or stability, based on the altered occupancy of Pol II 4 6 9 in a med3∆ med15∆ yeast mutant (Fig 4) . These findings strongly suggest that the tail module triad 
7 2
If head and middle module subunits of Mediator regulate Ty1 retromobility through the same 4 7 3
pathway as tail module triad subunits, albeit in opposite fashion, their deletion ought to result in 4 7 4
decreased levels of Ty1i RNA. We did not find evidence for such a decrease from northern analysis of 4 7 5
Ty1i transcripts, or by monitoring p22-Gag expression by western blot (Fig 4) . However, levels of Ty1i 
8 2
In spite of these limitations, we have obtained evidence that both tail module triad and head 4 8 3 module subunits control Ty1 mobility by regulating the relative levels of Ty1 and Ty1i RNA through a 4 8 4
promoter competition mechanism (Fig 9) . First, we showed that levels of Ty1i RNA expressed from a 4 8 5 pGTy1∆POL reporter increase in med2∆ and med3∆ mutant yeast grown in glucose, where the GAL1 4 8 6
promoter driving Ty1∆POL has very low activity (Fig 6 & 7) . This finding indicates that repression of 4 8 7 even when tail module triad subunits are deleted, so that no increase in Ty1i is observed for this reporter 5 0 9 (Fig 5) .
also illuminates gaps that remain in our understanding. First, the model and our ChIP-seq results 5 1 2 indicate substantial Mediator occupancy at both the Ty1 and the Ty1i promoter in wild-type yeast ( Fig   5  1  3 8), despite the apparent differences in transcriptional output from these two promoters (Fig 4A) .
1 4
Likewise, we cannot confirm that reduced Mediator occupancy at the Ty1i promoter in med18∆ and 5 1 5 med20∆ yeast is accompanied by reductions to Ty1i RNA or p22-Gag levels, due to their inherently low 5 1 6 levels in the wild-type strain. One possibility to explain Mediator occupancy at the Ty1i promoter in the 5 1 7
absence of detectable Ty1i RNA is that Ty1i RNA is substantially less stable than Ty1 RNA. Indeed,
1 8
Ty1 RNA is known to be unusually stable [72, 73] . A second possibility is that transcription from Ty1i is 
2 6
Another question raised by this model is what gives rise to the postulated competition between 5 2 7 the Ty1 and Ty1i promoters, which are about 1 kb apart. We cannot answer this question at present, but 5 2 8 it seems likely to involve Ty1 promoter elements that are present upstream of the Ty1i proximal 5 2 9
promoter. Ty1 possesses an unusual promoter architecture that includes transcription factor binding sites 5 3 0 both upstream of the Ty1 TSS and sites within the ORF, but upstream of the Ty1i TSS (Fig 1C) [18].
3 1
The latter region includes sites for Ste12, Tec1, Tye7, Mcm1, Rap1, and Tea1; intriguingly, Med15 has 
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[25]), a 1:7500 dilution of anti GAPDH monoclonal antibody (Thermo Fisher Scientific), or a 1:5000 6 2 7 dilution of anti actin monoclonal antibody (Abcam). Membranes were subsequently incubated with 
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Fisher Scientific), and exposed to film (Kodak). Antibody was stripped from membranes as described 6 3 1 previously [84] . Images were developed on film using a Model SRX-101A Medical Scanner (Konica 6 3 2 Minolta) and scanned using a Cannon MP480 scanner. Protein bands were quantified using ImageJ 6 3 3 (NIH). Cultures were grown past log growth phase at 20°C in YPD broth. Total genomic DNA was 6 3 7 isolated as previously described [15, 85] , and digested with Sph I endonuclease. Digested genomic DNA 6 3 8 was then fractionated by gel electrophoresis on a 1% GTG agarose gel and subjected to Southern blot 6 3 9
analysis with a 32 P-labeled riboprobe specific for POL as described previously [15, 31] . protocols, and run at 44°C for 1 hour, followed by incubation at 92°C for 10 minutes. For comparison of 6 4 8 levels of full-length Ty1 and Ty1i transcripts generated from pGTy1∆POL (Fig 7) , cDNA was PCR The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/176248 doi: bioRxiv preprint first posted online Aug. 14, 2017;
GGTTCTGGTATGTGTAAAGCCGGT-3′; reverse primer: 5′-ATCGTCCCAGTTGGTGACAATACC- For analysis of Mediator occupancy at Ty1 elements (Fig 8) , chromatin immunoprecipitation 6 5 9
followed by high throughput sequencing (ChIP-seq) was performed using strains in which Mediator 6 6 0 subunits Med15 or Med17 carried 13-myc epitope tags and which were engineered to allow Kin28 6 6 1 inactivation by the anchor away technique (S1 Table) [65]. For anchor away experiments, yeast were 6 6 2 grown in YPD to an OD 600 of 0.8. Rapamycin was then added to a concentration of 1 µg/mL (from a 1 6 6 3 mg/mL stock in ethanol stored at -20˚C for not more than one month) and cultures allowed to grow one 6 6 4 hr at 30˚C prior to cross-linking. ChIP against epitope-tagged Mediator subunits was carried out as 
7 1
Unfiltered paired-end sequencing reads were aligned to the S. cerevisiae reference genome 6 7 2 (Saccer3) by using BWA [86] . Up to one mismatch was allowed for each aligned read; reads mapping to 6 7 3 multiple locations were retained and randomly assigned. Duplicate reads were removed based on paired 6 7 4 end information. Occupancy profiles for Ty1 elements were generated by averaging the signal of all the 6 7 5 31 Ty1 elements. The occupancy is plotted on the window from 2kb upstream of TSS to 2kb 6 7 6 downstream of TES (Fig 4 & 8) . In each Ty1 element ORF, from TSS+1kb to TES-1kb, the region is 6 7 7
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